The article presents an analysis of cross-linking reaction using measurements of time dependencies of torque at constant temperature from the range 100 up to 200 °C. The measured results obtained on sample based on styrene -butadiene (SBS) prepared in the laboratory show the behaviour which can be well described by equations of chemical reactions of first-order kinetics. It is possible mathematically describe significant constants of the kinetics of networking reaction (induction period, reaction rate coefficient) by the solution of differential equations and by mathematical approximation. Constants are exponentially dependent on the temperature of vulcanization, while dependencies are Arrhenius like. Math description allows describe the progress of the vulcanization reaction also in the temperature range outside of the monitoring interval, i.e. in the area of extremely long times required for the realization of the cross-linking reaction.
Introduction
Elastomers used in production of divers gaskets, tires, insulant claddings etc. belong among meaning group of technical materials. These materials gain their properties in vulcanization process. Fundamentals of vulcanization process are based on generation of three-dimensional network by origin of cross-linking bonds among linear chains of rubber [1] . Generally, the process of vulcanization predominantly influences the final properties of rubber and course of this process can be influenced by compounds in vulcanization system (kind of rubber, vulcanization reagent insuring creation of cross-linking bonds, accelerator for acceleration and shortening of process of cross-linking bonds creation and activator for initialization of cross-linking bonds creation). Others compounds insuring properties of incoming vulcanizers can be divided on fillers, antidegradation reagents and additional compounds (colorants, retarders of combustion and etc.). Production of vulcanizers of rubber mixtures is most often realized at constant increased temperature. Mentioned procedure of cross-linking creation is well described mathematically [1, 2] . In technical practice number of crosslinking bonds can be observed by means of values of mechanical variables increasing [2] .
Presented contribution is oriented on determination and experimental approval of mathematical formula describing vulcanization process at linear increasing temperature. Laboratory prepared mixture based on styrene-butadiene rubber (SBR) was prepared for experimental approval.
Experiment
Experimental work has been carried out on laboratory prepared rubber mixture based on SBR with a simple vulcanization system with vulcanization reagent based of sulphur. The blending of the mixture composition showed in table 1 was realized on double-roller. In view of the fact that the number of cross-links resulting from the process of vulcanization increases growth of mechanical properties, rheological measurements have been used in the case of the mixture. Torque values required to create a constant value of shear deformation 0,5° were measured [3] . Measurements were carried out by means of the device D-MDR 3000 MonTech. Two types of measurements have been realized. The first type of measurement was carried out at a constant temperature from the range 100°C to 200°C. The temperature interval was chosen with a view to a typical vulcanization temperature of mixture based on SBR rubbers. Measuring time intervals were 4 hours for temperatures (100°C -120°C), 3 hours for temperatures (130°C -150°C) and 2 hours for temperatures (150°C -200°C). Time dependences of the torque at a constant temperature was the result of the experiment. Measurements of temperature dependence of torque at linear increasing temperature with constant heating rate 0.2°C/min; 0.4°C/min; 0.6°C/min; 0.8°C/min; 1.0°C/min; 2.0°C/min; 3.0°C/min; 4.0°C/min; 5.0°C/min; 7.0°C/min; 10°C/min were the second type of experiment [4] .
Determination of the formula describing the vulcanization process at linear increasing temperature
In General, the process of vulcanization realized on a rubber mixture is observable at a constant temperature by a characteristic time dependence of torque. This dependence can be divided into three parts: I -induction stage II-cross-linking stage and III-stage of additional reactions. In the induction stage the chemical preparation of the mixture on the networking process, which follows in the crosslinking stage is realized. In the third stage, depending on the type of rubber, it can be realized further networking (a), the number of links may not be changed (b) or cross-links reduction can be occurred (c). For a mathematical description of networking (stage II in Figure 1 ), we can use next equation [5] :
where M max represents maximum value of torque, M min , minimum value of torque, k vulcanization rate constant, t i time of induction period.
Equation (1) is the solution to the differential equation that explains the proportionality between time change of torque and instant value of torque [6] . The vulcanization rate constant k and the time of the induction period t i are constants in case of measurements at a specific temperature. For this reason, they are not suitable for description of the behaviour of rubber mixtures during networking at linearly increasing temperature. Thermal dependence of induction period can be described as:
where S 2 is kinetic constant independent on temperature and E 2 is activation energy of initiation [7] . Thermal dependence of "vulcanization rate" can be described as:
where S 1 is kinetic constant independent on temperature and E 1 is activation energy of vulcanisation.
Mentioned kinetic constants (S 1 , S 2 , E 1 , E 2 ) are independent from the temperature and they allow to describe the kinetics of the cross-linking process during vulcanization. Taking account of both relationships (2) , (3) 
and also the rate of the cross-linking reaction in the next form: 
Relationships (4), (5) provide a description of the vulcanization also in case of temperatures, which cannot be used for the experimental observations (too long or short periods of vulcanization). 
where  is heating rate, which corresponds to time derivation of temperature:
Using the relations (5), (7), (8) the temperature dependence of the rate of change of the torque can be written in the form:
where k and t i are values of rate constants and time of the vulcanization period, writable by temperature dependencies (relations 0 and 0) by means of constants S 2 , E 2 and S 1 , E 1 Hiba! A hivatkozási forrás nem található.. The constant 0 T corresponds to the initial temperature of crosslinking reaction at the linear increasing temperature.
Results and discussion
Vulcanization curves i.e. time dependencies of torque in determined temperature range are shown in figure 2. It can be recognized from the figure 2, that only the induction period area and the beginning of cross-linking reaction can be observed at low temperatures (the temperature range 100°C -130°C). For this reason, we chose the longer period of measurements (4 hours). So it is already possible to observe the whole vulcanization curve at the increasing of temperature. Time dependencies shown in the figure 2 were approximated by non-linear least squares method using formula (1) . Values of four constants describing the shape of the vulcanization curve at constant temperature were determined by approximation (table 2) figure 3, figure 4 ). Their dependencies are well aproximable by relationships (2) and (3). Values of constants S 1 , E 1 , S 2 , E 2 were determined after the approximation. 2.5x10 -3 3.0x10 -3 3.5x10 -3 4.0x10 Figure 4 . The temperature dependence of the values of the vulcanization rate constant of the rubber mixture SBR8 with the displaying of the approximation using the formula (3).
Non-linear least squares approximation by means of formula (9) was realized using mentioned constants. Example of the measured temperature dependence of torque and also approximation of measured values in the cross-linking area at the temperature increasing 0.8°C/min are shown in figure  5 . Decrease of measured values of the torque associated with the change of viscosity at the mixture heating is observable up to temperature 140°C. Significant increase of torque values from the temperature approx. 150°C can be associated with the cross-linking reaction (II. stages of 
